A simple, rapid and effective method for auramine O (AO) detection was proposed by fluorescence and UV-Vis absorption spectroscopy. In the BR buffer system (pH 7.0), AO had a strong quenching ability to the fluorescence of bovin serum albumin (BSA) by dynamic quenching. In terms of the thermodynamic parameters calculated as ΔH > 0 and ΔS > 0, the resulting binding of BSA and AO was mainly attributed to the hydrophobic interaction forces. The linearity of this method was in the concentration range from 0.16 to 50 μmol L -1 with a detection limit of 0.05 μmol L -1
Introduction
Nowadays, an increasing number of industries use organic colorants to enhance the appearance of food and medicine. Examples are numerous, such as sudan (I -IV), crystal violet (CV), and orange B. [1] [2] [3] [4] Auramine O (4,4′-dimethylaminobenzophenonimide: AO, Scheme 1), [5] [6] [7] a banned detrimental dye, is usually regarded as a horrible threat to human life due to its strong carcinogenic potential. 8 It is categorized as one of the carcinogenic compounds by the International Agency for Research on Cancer (IARC). 9 In 2008, the Chinese Ministry of Health had listed AO as an illegal food additive. Unfortunately, it is still illegally applied extensively in foodstuffs and pharmaceuticals. Therefore, it is necessary to remove AO from food industries and pharmaceutical factories to ensure a safe and healthy living environment.
Serum albumin is the most abundant protein in mammals, accounting for 60% of the total serum protein, which plays a key physiological role in the transport and distribution of all sorts of endogenous and exogenous substances, such as fatty acids, amino acids, metals and pharmaceuticals in blood. [10] [11] [12] It is reported that the crystal structure of bovine serum albumin (BSA) has been confirmed and the amino acid sequence indicates that BSA is comprised of 583 residues and consists of three homologous α-helical domains (I, II, III). 13 BSA has become one of the most extensively studied proteins in evaluating the interaction with various small organic molecules since it has about 76% structural similarity with human serum albumin (HSA), which is inexpensive and offers unusual ligandbinding properties. [14] [15] [16] [17] [18] To date, instrumental techniques that have been employed to detect azo dyes mainly include high performance liquid chromatography (HPLC), 19 gas chromatography (GC) 20 and GC-MS. 21 HPLC is accurate and reproducible but it places high demands on the reagent; GC is sensitive and offers separation effectiveness but is time-consuming; and GC-MS has obvious superiority in qualitative detection, which means it can be used to identify the compound structure exactly, but requires expensive equipment and highly skilled personnel. So there is an urgent need for a simple and feasible method for AO detection.
The spectrophotometric method is a well-developed, low cost, versatile and simple analytical technique, which had been widely applied in detecting some metal ions, 22, 23 proteins, 24,25 carbon dots 26, 27 and organic compounds. 28 Nowadays, there are several studies on AO detection, 6, 7, 29 but in this work, we have, for the first time, introduced BSA for highly selective and sensitive determination of AO by fluorescence.
Experimental

Apparatus
All the fluorescence measurements were carried out with a Hitachi 2500 spectrofluorophotometer (Tokyo, Japan), at 279 nm using 1 cm path length. The widths of both the excitation slit and the emission slit were set to 10 nm. Absorption spectra were recorded on a UV-2450 spectrometer (Shimadzu, Japan). The pH values were measured by a pH-3D pH meter (Shanghai Scientific Instruments Company, China).
Reagents
The stock solutions of BSA (Sanland Chemical Co., Ltd.), AO (Shanghai Reagent Factory) were all 1.0 × 10 -4 mol L -1
. The stock solution was diluted to the required concentrations. The BR buffer solution consisted of 0.4 mol L -1 CH3COOH, H3PO4 and H3BO3, and was adjusted to the different pH levels with 0.2 mol L -1 NaOH. All the reagents were of analytical reagent grade, and doubly distilled water (8.2 Ω cm, Milli-Q system) was used throughout.
The procedure of AO detection
Into a 10.0-mL calibrated flask were added 1.0 mL of BR buffer solution, 1.0 mL of 1.0 × 10 -4 mol L -1 BSA and 1.0 mL of AO of varied concentrations from 0 to 5.0 × 10 -4 mol L -1 , then the mixture was diluted to the mark with doubly diluted water. After 10 min, the fluorescence intensities of the reagent blank (F0) and the reaction system (F) were measured at λex = 279 nm, λem = 339 nm, ΔF = F0 -F.
Results and Discussion
Fluorescence quenching spectra of BSA with AO
The fluorescence spectra of BSA in the prescence and absence of AO are shown in Fig. 1 . It can be seen that BSA had a strong fluorescence and the intensity of 339 nm decreased markedly when AO concentration increased from 0 to 5.0 × 10 -5 mol L -1 , and the color of the solution changed distinctly from yellow to deep yellow, implying the BSA could be effectively used for the quantification of AO. The quenching mechanism can be classified into static quenching and dynamic quenching. 30 Dynamic quenching is mainly caused by collision and the molecules are not chemically altered in the process. However, static quenching is due to the formation of a new complex and often leads to a distinct change in the absorption spectra. The quenching type can be differentiated by their differing dependence on temperature; the quenching constants increase with increasing temperature for dynamic quenching, whereas the reverse effect is observed in case of static quenching. 31 The fluorescence quenching mechanism can be analyzed quantitatively at different temperatures (281 and 293 K) with the Stern-Volmer equation
where F0 and F is the steady-state fluorescence intensity in the absence and presence of AO, respectively.
[Q] is the concentration of quencher (AO). The Stern-Volmer plots of F0/F against the concentration of quencher are shown in Fig. 2 . The plots are linear and we can observe an increase in the quenching constant with the increase of temperature at the same conditions. In Fig. 3 , the absorption spectra of the BSA-AO system had little difference with the BSA alone. These results show that the fluorescence quenching mechanism of BSA by AO is mainly attributed to dynamic quenching. 32 Hence, as the quenching is known to be dynamic, the Stern-Volmer constant is represented by KD.
Optimum experimental conditions Effects of pH. In view that the denaturation of BSA is distinct in strongly acidic and alkaline environments, 33 the influence of acidity on the reaction system was investigated for pH values of 4.0 -9.0. As is shown in Fig. 4 , the optimum pH was 7.0; when the pH was higher or lower than 7.0, the relative fluorescence intensities decreased with pH change. Therefore, the pH of 7.0 was selected as the optimum pH value for the further experiments. Effects of BSA concentration. The influence of different concentrations of BSA on the fluorescence intensity of the system were studied, as shown in , the ΔF of the reaction system decreased. Hence, 1.0 × 10 -5 mol L -1 BSA was chosen for further experiments. Effects of ionic strength. The effects of ionic strength on the reaction system were studied by adding different concentrations of NaCl. As can be seen in Fig. 6 , the fluorescence intensity of the reaction system remained almost unchanged as the NaCl concentration increased from 0.002 to 0.012 mol L -1 . The relative error was less than ±5%, so the fluorescence intensity remained stable with the increasing of the NaCl concentration from 0.002 to 0.012 mol L -1 . Effects of reaction time. The effects of the incubating time on Fig. 4 Effects of acidity on fluorescence intensity of the system. A: fluorescence intensity of the reaction system were also studied. The results showed that the fluorescence intensity reached the maximum within 10 min and remained stable for at least 3 h. So we had enough time to complete fluorescence measurement. Selectivity of the method. In order to investigate the selectivity of fluorescence measuring for AO, various different substances, involving metal ions, amino acids, and saccharides of different concentrations, were added into the reaction system individually and the effects of foreign substances on the fluorescence intensity were recorded as shown in Table 1 . If the coexisting substances caused a relative error of less than ±5% on fluorescence intensity in the measuring system, the foreign substance was considered to have no interference for AO detection. 34 The results confirmed that the method for AO detection was provided with high selectivity, and that trace amounts of CuSO4 in the presence of the measuring system could be masked by EDTA.
Work curve of AO
A calibration curve was worked in pH 7.0, CBSA = 1.0 × 10 -5 mol L -1 at a series of concentrations of AO and the relevant results are depicted in Fig. 7 . The ΔF was linear for the AO concentration, with a correlation coefficient R 2 = 0.9973. In terms of IUPAC recommendation, the limit of quantitation , which was lower than that in most published methods as shown in Table 2 , suggesting the BSA could be effectively used for the quantification of AO.
Analytical application of the method to real samples
Yuanhu Zhitong pills were selected for the valuation of AO; the pills were obtained from a local pharmacy. First 0.1 g of the sample was mixed with 30 mL of 70% ethanol solution. After that, the mixture was treated with ultrasound for about 10 min. It was then centrifuged for 15 min, and the supernatant was used as analyte.
Recovery and precision were investigated on AO samples by standard addition at three levels. As depicted in Table 3 , the recovery ranged from 96 to 101%, and precision (RSDs) ranged from 0.15 to 2.6%. The results demonstrate that the accuracy of the present fluorescent method is acceptable for routine monitoring purposes.
Mechanism for the AO detection
Thermodynamic parameters and binding force. The binding constants and the binding sites of the dynamic quenching could be calculated by the following equation:
where n is the binding site and KA is the binding constant. 
The plot of (F0 -F) -1 versus cq -1 obtained KD (Table 4) . If the temperature changes only a little, the reaction enthalpy change is regarded as a constant, from the thermodynamics formula calculated using ΔG, ΔH, ΔS as follows:
where K1 and K2 are the binding constants at T1 and T2, respectively, and R is the universal gas constant. The results are listed in Table 4 . Based on the thermodynamic parameters (ΔH > 0 and ΔS > 0), it can be concluded that the binding force of BSA and AO was mainly attributed to the hydrophobic interaction force.
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Energy transfer from BSA to AO. FRET is a non-radiative transfer of energy, which could take place through direct electrodynamic interaction between the primarily excited molecule and its neighbors. 40 The main requirements for FRET to occur are: (i) the donor can produce fluorescence light; (ii) fluorescence emission spectrum of the donor and UV-vis absorbance spectrum of the acceptor have more overlap; (iii) the distance between the donor and the acceptor (1 -10 nm). 41 Using FRET, the distance r of binding between AO and BSA could be calculated by the following equation: 
where F and F0 represent the fluorescence intensities of BSA in the presence and absence of AO, respectively; E is the efficiency of transfer between BSA and AO; r is the average distance between BSA and AO; and R0 is the critical distance when E = 50%.
K 2 is the orientation factor related to the geometry of the donor and acceptor of dipoles and K 2 = 2/3 is for random orientation as in fluid solution; n is the average refracted index of medium in the wavelength range where spectral overlap is significant; Φ is the fluorescence quantum yield of the donor and Φ could be calculated by equation Yf = kf/(kf + ∑k); J is the effect of the spectral overlap between the emission spectrum of the donor and the absorption spectrum of the acceptor (Fig. 9) , which could be calculated by the following equation:
where F(λ) is the steady fluorescence intensity of the donor in the wavelength range from λ to λ + Δλ and ε(λ) is the extinction coefficient of the acceptor at λ. In the present case, according to Eqs. (6) - (8) we could calculate that K 2 = 2/3, n = 1.36, Φ = 0.15, and r = 1.36 nm, which was short enough to feature an effective FRET process.
Conclusions
To conclude, we had performed a rapid, sensitive and selective fluorescence probe, which did not require of intricate synthesis, that showed an obvious response to AO. Compared with the methods recently published, this method showed excellent properties, such as good sample adaptability, easy sample pretreatment, fast analysis, little interference, and convenience in operation. Based on these properties, this work may provide an alternative method to develop a cost effective and useful tool for AO detection in practice. It could also expand the application of the spectrophotometric method in pharmaceutical testing. 
